Abstract The objective of the present work is the evaluation of a proposal for a gapped bead-on-plate (G-BOP) test, used for study of hydrogen cracks in relatively thin sheets of welded steel. That new proposal consists of the replacement of the usual solid blocks by an assembly of blocks in such a way that the test can evaluate weld beads on thin sheets. Student t distribution is applied to examine the functionality of the proposed test. Weld metals were deposited with flux-cored wires E71T-1 and E71T8-K6, with diameters of 1.6 and 1.7 mm, respectively, under two different preheating temperatures. Metal susceptibility to hydrogen cracking was evaluated by the presence and percentage of cracks in the weld metal. In order to evaluate and verify the functionality of the new G-BOP test proposal, the following were examined: efficiency of the new test in inducing hydrogen cracks in the weld metal, result replicability, fracture modes present in cracks, and the cooling rate imposed on the welding zone. Results showed that the new G-BOP test proposal is viable; results were replicable and the test was efficient in inducing cracks in weld metal with a confidence of 90%.
Introduction
One of the most serious faults in high-resistance, low-alloy steel welding is the occasional presence of undesirable hydrogen-induced cracks (HIC) [1, 2] . Although widely studied, hydrogen-induced cracks in welded joints continue to challenge users and researchers because of the numerous variables affecting the phenomenon and the lack of understanding of the consequent new materials, new welding processes, and new types of electrodes. After years of study, the formation of hydrogen cracks in the heataffected zones (HAZ) was nearly eliminated, but preventive practices applicable to the weld metal (WM) are not well established. As a consequence, research on the occurrence of hydrogen cracks in the weld metal has gained importance.
The gapped bead-on-plate (G-BOP) test has great potential for evaluating susceptibility of molten zones to the HIC phenomenon. The G-BOP test has been chosen among the many weldability tests for its simplicity and reliability in quantifying susceptibility to hydrogen cracking. The test was developed in 1974 [3] and uses two steel blocks of 100 9 125 9 50 mm 3 (3.94 9 4.92 9 1.97 in.), one of them with a notch machined on one of the sides. An appropriate device, usually a clamp to prevent relative motion, fastens the two blocks together, and a 100 mm (3.94 in.) weld bead is deposited on the blocks in the notch region, as shown schematically in Fig. 1 .
After welding, the blocks are kept fixed for 48 h. The clamp is then removed, and the portion of weld over the machined notch is heated to red with an oxygas torch. The test specimen is allowed to cool, and after 24 h it is cracked open. The primary purpose of heating is to reveal the previously cracked region. After opening the specimen, the weld bead cross section is visually inspected; the presence of two regions, one of them colored (oxidated) corresponding to the hydrogen crack and the other displaying a recent fracture caused by the opening of the specimen. The colorful fracture surface is an indication that a crack existed in the weld bead before heating [4, 5] .
The main limitation of the G-BOP test is the fact that it employs blocks having a thickness of 50.8 mm [6] . This may be critical, because in many cases it is difficult to find steel in the thickness of 50.8 mm for testing. There is a consensus in the literature that, for the study of weld metal hydrogen cracks, it is essential to take into account the dilution of the base metal in the weld bead, and for this the electrodes must be evaluated in those base metals for which their welding is recommended.
The G-BOP test has also been used to establish the minimum preheating temperatures for different electrode combinations [5] (welding wire/flux), heat input, and electrode polarity, with the purpose of minimizing cracks in the weld bead. However, as mentioned previously, because the test is limited by the thickness of the block test, materials in many cases are not representative of the actual materials that the electrodes will be welding in practical situations. This lack of representative materials harms the fidelity and reliability of results.
The main objective of the present work is to propose a new G-BOP test to allow the use of thin sheets in the evaluation of hydrogen-induced cracking in weld metals. This study evaluates the new test at two preheating temperatures, with two flux-cored wires. The weld samples are evaluated under different cooling rates imposed on the weld beads, and the fracture modes of the hydrogeninduced cracks are assessed.
Materials and Methods
The new proposal for a modified G-BOP test is evaluated in this research by using test blocks made from ABNT 1020 steel sheets conjugated with API X80 steel sheets. The API X80 steel is the base metal that, when welded with different flux-cored wires, forms the weld metal in which hydrogen cracks are to be evaluated. Flux-cored wire E71T-1 of 1.6 mm (0.06 in.) diameter with a 100% CO 2 shielding gas, and flux-cored self-shielded wire E71T8-K6 of 1.7 mm (0.07 in.) diameter were used Table 2 .
Welding conditions (welding current, I; arc voltage, E; wire feed speed, s w ; welding speed, s; and stickout) chosen for the experiments for the E71T-1 and E71T8-K6 welding wires are presented in Table 3 . Under these conditions, welds were performed when the test plates were at room temperature and at 100°C (212°F).
The energy generated by the arc was used as a control parameter. Arc energy (Q arc ) was computed by Eq 1 as a function of welding current, arc voltage, and welding speed.
In order to determine sample size and assess the replicability of the new G-BOP test proposal, the Student t distribution was used to define sample size (number of replications) of tests to be done in order to get the predefined confidence in the results [7] .
Results and Discussion

Modified G-BOP Test Proposal to Evaluate HIC in Thin Sheets
The new proposal for a modified G-BOP test consists of the assembly of conjugated blocks with the steel sheets to be evaluated and ABNT 1020 steel sheets. Test blocks were built from API X80 steel sheets measuring 125 9 100 9 12.8 mm 3 , conjugated with ABNT 1020 steel sheets measuring 125 9 100 9 38 mm 3 . The API X80 steel sheets were overlaid onto ABNT 1020 steel sheets and fastened by an Allen screw, a pressure washer, and a nut, as shown in the expanded view in Fig. 2 .
A strictly controlled torque (0.55 N/cm 2 ) was applied on screws and nuts with a torquemeter. After blocks were made, test specimens were assembled. To avoid any relative motion between blocks during welding, blocks were held by a clamp tightened with a 36.14 ft Á lbf torque. Figure 3 shows the top view of a G-BOP test, with the clamp holding the two blocks, the 1 mm notch, and the deposited weld bead.
With this proposal, the G-BOP test can be used to evaluate HIC in the welds obtained under real service conditions, that is, on thin sheets of manufactured steel, instead of a single type of steel of 50 mm thickness. The next step was the validation of the proposal. After welding the test specimens, as shown in Fig. 3 , the standard testing procedure was followed. Blocks were kept fixed for 48 h. After that, the clamp was removed and the portion of weld on the machined notch was heated to red; the specimen was allowed to cool, and 24 h later it was cracked open. Figure 4 shows a cross section of a test specimen with hydrogen cracks. There are two distinct regions: a heat tint region area related to the hydrogeninduced crack (S HIC ) and a fresh fracture region corresponding to the fracture section (S F ) resulting from the opening of the specimen. The total area of the weld bead cross section is the sum of the section of the two regions.
In the G-BOP test, hydrogen cracks are quantified by the presence and percentage of cracks in the weld bead [4, 5] , that is, by the ratio of the crack area to the total crosssection area of the weld bead. Equation 2 is a simple and direct formula for computing hydrogen cracking in weld metals undergoing the G-BOP test [6] .
where % HIC is the percentage of the cracking induced by hydrogen, S HIC is the hydrogen-induced cracking section (mm 2 ), and S F is the fresh fracture section (mm 2 ).
Efficiency Analysis of the New Proposal for the G-BOP Test
In order to verify the efficiency of the proposed modification, five replications were made for each condition (flux-cored wire types and preheating temperatures). The experimental results for hydrogen-induced cracks obtained by the new proposal for the G-BOP test are presented in Table 4 , where mean (Y), standard deviation (S), % HIC, section measures of weld beads (S WB ), HIC section (S HIC ), specimen numbers, and test randomization are shown. An examination of Table 4 reveals that only weld beads done at room temperature had hydrogen cracks, regardless of flux-cored wire type. The average occurrence of hydrogen cracks was 61.5% with 5.4% standard deviation for replications of samples welded with E71T-1 and 70.8% with 6.4% standard deviation for replications done with E71T8-K6 wire. No hydrogen cracks were observed in any of the sample replications welded with preheating to 100°C. Thus, even though the new G-BOP test proposal 
induced hydrogen cracks in weld metals at room temperature, preheating to 100°C was sufficient to prevent them. This corroborates HIC G-BOP test results in weld metals found in the literature [5, 8] .
Hydrogen-induced cracking results presented in Table 4 were statistically treated to determine whether the chosen variables had an influence, and if so, to find how this influence on hydrogen cracks in the welding area occurred. Thus, values of hydrogen-induced cracks were subjected to variance analysis, which showed that the type of flux-cored wire and the temperature did have an influence on the incidence on hydrogen cracks in the welding area.
The discussion of the functionality of the new proposal for a G-BOP test was based on an evaluation of the replicability level of the response variable (presence and percentage of hydrogen cracks in the weld metal) found in the experiments. The chosen approach was to define the sample size (number of replications) needed to achieve the predefined and desired result confidence. The Student t distribution was used for that purpose. This distribution depends on sample size (n), and its value can be used to estimate the number of replications that produces an estimate of the sample average for a given confidence. Sample size can be found by Eq 3 [7] .
where n is sample size, S is sample standard deviation, d is confidence interval length (a 9 l), t is Student t distribution parameter.
Based on the calculated sample size and on previous research [9] , an average estimate precision of (l) of ±10% was adopted, that is, a confidence interval tolerance of d = ±0.1 l and a tolerance level of 90% for the results of the present study. Table 5 shows the values of d, t, and n, for the test conditions. The value of t was obtained from a Student t distribution table [5] for DF = 4 (degrees of freedom = n -1) and a/2 = 0.05. Equation 3 computes the value of n. Table 5 shows that the smallest number of replications that satisfies the desired conditions is 4. Thus, four replications of all experimental tests are needed to reach the desired confidence of 90% in the results. On the basis of the statistical analysis, it was concluded that the new modified G-BOP test, proposed for the evaluation of susceptibility of weld materials to hydrogen-induced cracking with thin sheets was replicable for a level of confidence of 90% and an error significance level of 10% in results; for a minimum replication number of 4.
Analysis of the Cooling Rate Imposed on the Weld Bead
The G-BOP test is self-restrictive; thus, according to the literature [5, 8, 10] , G-BOP tests must be able to impose and reproduce on the weld bead cooling rates sufficient to induce hydrogen cracks in the weld metal. Still with the aim of verifying the efficiency of the proposed modification, Fig. 5 presents the thermal cycles of the beads welded at ambient temperature and with preheating to 100°C for the weld metal of flux-cored wire E71T-1. The same behavior shown in Fig. 5 was observed for the thermal cycles of weld beads done with E71T8-K6 wire. Table 6 presents results of the time (t 3-1 ) required for cooling the welding zone from 300 to 100°C.
Examination of Fig. 5 and Table 6 shows that the welding zone without preheating exhibited a higher cooling rate; this behavior was observed in all tests. Different behaviors were also observed in thermal cycles of weld beads done with and without preheating. The average difference between cooling times Dt 8-5 was about 11.6 s, whereas the average cooling time Dt 3-1 was 1848 s (30.8 min) for beads welded with and without preheating.
It was found that the new proposal for the G-BOP test produced high heat extraction rates. It was also observed that base metal preheating exerts a strong influence on weld bead cooling. Thus, the new G-BOP test is able to produce the cooling rates required to induce hydrogen cracks, confirming its self-restrictive performance. Figure 6 shows fracture modes present in samples tested with flux-cored wire and shielding gas (E71T-1). Dimples are found in all regions; that is, the hydrogen crack nucleated and propagated as a ductile fracture. Figure 7 shows that the hydrogen crack in beads done with self-protected flux-cored wire (E71T8-K6) exhibited a mixed fracture mode, characterized by a marked presence of dimples and quasi-cleavage regions [11, 12] ; the crack nucleated in the root of the weld bead.
Analyses of fracture modes observed in hydrogen cracks show that the hydrogen crack nucleated by dimples regardless of welding wire type. However, in the crack of beads done with E71T-1 propagation was by dimples, whereas with E71T8-K6 wire crack propagation occurred in mixed mode.
Mixed-mode crack propagation needs a lower amount of energy than an entirely ductile crack [11, 12] . Thus, the study of fractured surfaces indicated that, because the E71T8-K6 wire needs a smaller amount of energy for fracture propagation, it is more susceptible to cracking.
Results of the examination of fractured areas verified the results obtained with the new G-BOP test proposal and also showed the higher susceptibility of the E71T8-K6 wire to HIC. Additionally, the fact that ductile fracture was observed in all samples demonstrates that hydrogeninduced cracking in the weld fusion zone can, and does, occur by microvoid coalescence. It is suggested that the hydrogen cracks are formed by the precipitation of gaseous hydrogen during cooling and that the pressure exerted by the gas bubbles causes ductile fracture. The precipitation sites for the hydrogen bubbles are assumed to be secondphase precipitates and inclusions in the steel. When the weld metal is very susceptible to hydrogen embrittlement, mixed-mode fracture is observed.
Conclusions
On the basis of the adopted methodology and the results obtained for the new proposal of G-BOP test to study hydrogen-induced cracks in the weld metal, it was concluded that:
• The new G-BOP test proposal allows the testing of thin steel sheets of API X80.
• The new G-BOP test proposal produces results repetitive to an error significance level of 10%, indicating a confidence of 90%.
• The weld metal obtained with the E71T8-K6 flux-cored wire is more susceptible to hydrogen cracks than the weld metal of the E71T-1 wire, a fact also verified by fracture analysis.
• Preheating the API X80 steel to 100°C (212°F) has a positive influence on the susceptibility to cracking of weld metals, avoiding the formation of hydrogeninduced cracks.
